Purpose. To investigate the changes in central and peripheral anterior corneal curvatures after myopic laser in situ keratomileusis (LASIK) and to correlate them with the manifest refractive change to discuss how such results could affect post-LASIK corneal topography profiles and midterm stability and their implications in postsurgical contact lens fitting. Methods. Topographic and refractive data from 18 eyes of 11 patients that had undergone myopic LASIK were collected for 6 months after surgery. Shortterm and midterm topographic responses were investigated and correlated with spherical equivalent manifest refractive changes.
Analysis of corneal topography has assumed great importance in the preoperative planning and postoperative evaluation of refractive surgical procedures. Many recent studies have addressed the question of topographic corneal changes after refractive surgery procedures, including radial keratotomy (RK), 1,2 photorefractive keratectomy (PRK), 3, 4 phototherapeutic keratectomy (PTK), 5 and laser in situ keratomileusis (LASIK). 6 -8 Most of these studies have concentrated mainly on the anterior corneal surface, but more recently, the posterior surface has also been the object of study because new methods for its measurement are available. 9 -13 Modeling studies of the cornea indicate that the ideal anterior corneal shape is a prolate configuration, with relatively steeper curvature centrally than peripherally. This shape reduces spherical aberration of the eye and is believed to promote optimal visual function. 14, 15 Previous studies examining corneas that have undergone RK, PRK, and LASIK have shown that, although spherical and cylindrical defocus are lessened postoperatively, these procedures markedly increase the naturally occurring third-(comalike) and fourth-order (sphericallike) aberrations, with an increase in patient complaints of visual disturbances. 16 -19 Changes in corneal asphericity after refractive surgery have been shown to affect the aberration structure of the anterior corneal surface, directly related to the quality of vision. 20 For example, after myopic ablative surgical procedures, the cornea becomes oblate, a shape that exaggerates spherical aberrations by causing excessive bending of peripheral light rays. 7 Each refractive surgical procedure modifies the corneal surface in a unique way, necessitating a rethinking of traditional contact lens designs and fitting procedures for optimal contact lens performance, if necessary, after surgery. 21 Whereas RK alters the entire cornea, PRK and LASIK affect only the area of ablation, with the peripheral cornea remaining almost unchanged. Because this is the most important area for rigid gas-permeable (RGP) lens stabilization and centration, these parameters may not be seriously altered, and many times, the same lenses from before the surgery can be fitted. 22 In fact, several authors have recommended base curve selection according to preoperative corneal topography as the first choice. 23, 24 However, central pooling resulting from excessive sagittal differences between the posterior lens surface and postoperative anterior corneal surface must be problematic with RGP lenses and, of course, with soft contact lenses, with which unstable vision during blinking is expected. With the purpose of better adjustment of both parameters, reverse-geometry contact lens are currently used to fit patients after PRK and LASIK and are manufactured in RGP and hydrogel materials. 21, 25, 26 Although numerous studies have paid attention to changes in the central curvature and corneal shape factors as representative parameters of corneal changes, only a few recent studies have investigated changes in specific peripheral locations. Therefore, the purpose of this retrospective study was to perform a point-bypoint investigation on the central and peripheral modifications induced by refractive surgery and to discuss them from the postsurgical contact lens fitting point of view.
MATERIALS AND METHODS
Data were obtained from a retrospective study of files searching for patients who had undergone successful primary LASIK during the last year, with at least two visits at 15 days, and 6 months after surgery. Apart from data availability, inclusion criteria were myopia under -10.00 diopters (D), less than 4.00 D of refractive astigmatism without a history of contact lens wear before surgery, and no enhancements during the follow-up period. Laser procedures were performed with the LaserSight LaserScan (Lasersight Technologies Inc., Winter Park, FL) excimer laser by using a 6.0-mm optical zone in all cases. The files of those patients who satisfied the inclusion criteria for entry into the study were reviewed, and their videokeratographic examinations were obtained from the Tomey TMS-2N Corneal Topographer (Tomey Corp., Nagoya, Japan). Another important inclusion criterion was that follow-up visits and videokeratoscope examinations were performed between 4:00 and 8:00 P.M. within a 2-hour period for the preoperative examination and the two postoperative examinations to minimize the influence of diurnal variations in corneal thickness 27,28 that could have a potential influence on anterior corneal topography. 29 Finally, 18 eyes from 11 subjects (three men and eight women; age range, 25-35 years) were studied. Preoperative spherical equivalent refraction and other data are shown in Table 1 . None of the patients underwent enhancement procedures after the first surgery at the time of data collection.
Corneal locations to be analyzed were within the central 6 mm of the cornea, because this was the optical zone for all the patients. Also, larger areas result in missing data in those peripheral areas normally shadowed by the upper eyelid, eyelashes, and nose. The corneal locations examined are shown in Figure 1 , representing 17 points, including central curvature, and measurements along eight hemimeridians 2 and 3 mm from the center. This distribution results in the central, 4-and 6-mm chord areas to be analyzed. To give a more representative value for each of the peripheral areas that is more important in astigmatic ablations, the eight readings at a corresponding chord diameter were averaged to obtain a single value of corneal curvature for subsequent analysis. Corneal eccentricity index (CEI) was obtained from the videokeratoscope. Refractive changes were assessed by the spherical equivalent refraction. Regression analysis and paired-sample t test were performed to analyze correlations between refractive and topographic changes and statistical significance of topographic changes, respectively. For statistical purposes, a P value less than 0.05 was considered statistically significant. Table 1 shows the baseline data for spherical equivalent refraction, CEI, and curvature at the center, 4-mm chord, and 6-mm chord regions of the cornea. At the bottom of the table, mean values and standard deviation for each parameter are also presented.
RESULTS
Corneal eccentricity index becomes negative (toward oblate shape) after LASIK, from an average value of 0.45 to -0.42, and such change is statistically significant (PϽ0.001). Figure 2 shows how CEI changes correlate with manifest refractive changes and that they are statistically significant (mean difference ϭ 0.87, PϽ0.001). As the attempted myopic correction increases, the cornea becomes more oblate (r 2 ϭ 0.753, PϽ0.001), as expected. CEI did not show statistically significant changes during the 6 months after surgery (mean difference ϭ 0.04, Pϭ0.879), which is in agreement with average values reported in Table 1 . Figure 3 represents the plot of manifest refractive change against changes in corneal curvature 6 months after surgery for the three regions under study. As expected, a strong correlation exists between changes in topography and the attempted refractive correction at the center (r 2 ϭ 0.810, PϽ0.001), 4-mm chord (r 2 ϭ 0.895, PϽ0.001), and 6-mm chord (r 2 ϭ 0.696, PϽ0.001). Based on regression equations, it can be concluded that the dioptric change in corneal curvature will be approximately 77% of the final manifest refractive change at the center, more than 60% at the 4-mm area, and 30% at the most peripheral location studied here, corresponding with the margins of ablation. By looking at the gap between the regression lines corresponding to the central and most peripheral corneal changes, for each 2 D of myopic spherical equivalent refractive correction, it is expected that the peripheral cornea will flatten 0.75 to 1.00 D less than the central cornea does. Table 2 shows the statistical analysis for changes in corneal dioptric curvature analysis confirming the statistical significance of changes between baseline and the 15-day visit after surgery and between 15 days and 6 months after surgery for the three measured areas. Figure 4 shows the changes in curvature between 15 days and 6 months after LASIK surgery, which reflect a regression effect or myopic shift, more important for the central cornea than for the peripheral cornea. Such changes did not exceed 0.35 D on average; nevertheless, this regression could be as high as 1.5 D of spherical equivalent for central curvature, when the amount of attempted correction is higher. Those changes were statistically significant at the center (r 2 ϭ 0.412, Pϭ0.004), 4-mm chord area (r 2 ϭ 0.430, Pϭ0.003), and 6-mm chord area (r 2 ϭ 0.283, Pϭ0.023).
DISCUSSION
Corneal asphericity is known to vary with refractive surgical procedures. Although new instruments have been introduced in refractive surgery procedures to evaluate corneal morphometry, 10, 13, 30 videokeratoscopy is still the most common method for peripheral curvature examination with various applications, 31, 32 and particularly for presurgical and postsurgical evaluation. 7, 8, 33 The results of this 
FIG. 2. Changes in corneal eccentricity index (CEI) 6 months after surgery (solid diamonds, solid dark line) and changes between 15 days and 6 months after surgery (solid triangles, solid light line) as a function of change in manifest refraction (spherical equivalent in diopters)
. As the change is derived subtracting CEI preoperative from CEI 6 months and CEI 15 days from CEI 6 months after surgery, respectively, changes toward positive values mean that the CEI becomes more negative (oblate), and changes toward more negative values mean that CEI becomes more positive (prolate) after surgery. study confirm the tendency for the cornea to become significantly oblate or less prolate after myopic LASIK surgery, whereas the opposite has been described after hyperopic laser surgery. 34 As expected, the degree of change in the CEI is in close direct relationship with the amount of refractive correction. This finding agrees with the results reported by previous authors for myopic LASIK. 7 The increased variability expressed by the standard deviation of CEI values is explained by the different postsurgical profiles to achieve correction in each particular case. The trend for the cornea to become oblate after myopic refractive surgery is a matter of fact for postsurgical CL fitting, and several authors have addressed the complexity of such procedures. 24, 25 The current study has shown that dioptric corneal changes are different from the manifest refractive change, particularly for peripheral locations. That anterior corneal refractive changes do not account for the total changes in manifest refraction after photorefractive therapies is already well established in the literature for ablation refractive surgery and orthokeratology. Patel et al. 6 explained the difference between changes in manifest refraction and post-LASIK central corneal surface power as a consequence of a change in the stromal refractive index secondary to a change in stromal hydration during the healing period.
Nevertheless, most published studies have based their conclusions solely on the relationship between refraction and central corneal curvature, without consideration for the peripheral cornea. It is well known, however, that corneal shape changes beyond the central cornea, at least until the ablated optical and transitional zones, and this fact could play a significant role in postsurgical contact lens fitting. Rigid gas-permeable contact lens centration and stability strongly depend on the cornea-contact lens relationship in the mid peripheral and peripheral area, comprising a chord width approximately 6 to 8 mm around the optic zone.
In the current study, the best correlation between manifest refractive change and corneal dioptric change occurred within the annular area of 4 mm. Srivannaboon et al. 30 obtained the best correlation between manifest refractive change and Orbscan-measured (Bausch & Lomb-Orbteck Inc., Salt Lake City, UT) corneal power change in the central 4.0 mm zone of the Orbscan-derived Total Optical Power. The current results using a standard videokeratoscope show good agreement between manifest refractive change and axial curvature at the same zone of the 4.0-mm diameter. The authors' approach is different and simpler, as eight points located at 4-mm and 6-mm chord diameters are used to correlate curvature changes with refractive changes instead of the thousands of points considered by the Orbscan device. Also, the results could be no longer applicable by many surgeons nowadays as the instrument that was used (first-generation Orbscan) calculated corneal topography differently from the currently available Orbscan II. Also, current concerns regarding the accuracy of the Orbscan II in the measurement of peripheral corneal thickness in normal corneas, 35 which could increase after LASIK surgery, 36 could also involve peripheral curvature. Although the Orbscan II has been shown to have acceptable agreement with conventional videokeratoscopes measuring calibrated test surfaces, 37 it would be interesting to know whether potential inaccuracies in the measurement of peripheral corneal curvature have something to do with the loss of accuracy in peripheral thickness estimates. Current results have implications on contact lens fitting after myopic LASIK, as they can provide practitioners with a tool to evaluate changes in corneal power as a function of post-myopic LASIK manifest refraction change, preoperatively or postoperatively, with a higher level of confidence (higher correlation) than previously published results. 4, 30 Also, they help to explain refractive changes with surgery and deviations from the expected result (refractive, visual, or both) and provide a clearer insight into the exact topographic pattern of curvature change between the center and mid peripheral zone that contribute to enhance contact lens fitting when needed after surgery.
Regression effects have been observed during the 6 months after surgery toward an increase in corneal power myopic shift in the current study. An initial hyperopic overcorrection followed by a period of regression has been documented after myopic PRK and LASIK, which can take as long as 6 months to reach equilibrium. 6 Numerous stromal and epithelial changes occur in the cornea after LASIK as a result of the wound-healing process, and all of them could induce changes in corneal curvature during the postsurgical period. It is beyond the scope of this article to discuss them, but the reader can find a more extensive discussion in the literature. 38 Olsen et al. 39 suggested that a large source to refractive variability after radial keratotomy is related to individual patient factors, such as corneal biomechanics and wound healing. As a result, if contact lens fitting is to be performed before 6 months after surgery, changes in the cornea-contact lens relationship are expected. Those changes can reach 0.5 D on average at the corneal center, and its influence in manifest refraction could be even higher.
Another point that deserves attention is the growing interest in reverse-geometry contact lens fitting to improve the contact lenscornea relationship after myopic refractive surgery. 21, 25, 26, 40 This approach attempts to achieve a better relationship between the contact lens back surface and the oblate anterior corneal surface. Present results provide an estimate of the differences between changes in dioptric power at the corneal center and within an optic zone of approximately 6 mm chord diameter. From Figure 3 , it can be inferred that for each 2.00 D of myopic spherical equivalent refractive error to be compensated with LASIK, it is expected that the central cornea flattens approximately 0.75 to 1.00 D more than the 6-mm area. This could be of interest to estimate the degree of tear reservoir depth and to improve reverse-geometry contact lens fitting based on central corneal curvature and the preoperated refractive error.
Of course, the application of current data is limited to the refractive range surgical procedures and instruments used with in this sample. However, the current approach could be easily performed by other clinicians using their respective definitions and surgical parameters.
In summary, the current study has shown that axial power maps derived from a common videokeratoscope correlate well with changes in manifest refractive after LASIK. Hence, a prediction of baseline corneal topography could be obtained as a function of manifest refractive change with a reasonable degree of confidence using this approach. The results of the current study using a point-to-point analysis of changes in corneal curvature will certainly contribute to better understanding of the effect of ablation of the cornea than simply studying central corneal curvature. Current results correlating changes in anterior corneal topography and manifest changes in refraction are of interest for contact lens fitting after refractive surgery. The relationships derived herein offer a useful tool to rebuild presurgical corneal shape and local curvature within the ablated zone with a reasonable degree of confidence. This is particularly interesting when preoperative topographic data are not available to estimate the expected tear central pooling with conventional rigid gas-permeable contact lenses on the postsurgical cornea.
